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ABSTRACT 
 
Aquaculture has grown to meet the gap created by a growing demand from population growth 
and a stagnating wild catch.  Recirculating aquaculture system (RAS) is a facet of aquaculture 
developed to allow the culture of fish in closed systems.  The fish are able to survive as the 
various water parameters are kept within safe ranges by engineered systems and rules of 
operation.  Engineers and operators have attempted to improve the efficiencies of these systems 
to increase their production.  These improvements must guarantee the stability of the system for 
the entire culture cycle of the fish being raised in an RAS.  One strategy that accomplishes this is 
load leveling.  This increases the efficiency of the system by using lightly loaded portions of the 
system to take the load of portions that are under a heavier load.  In crossflow, water is moved 
from tanks that are heavily stocked with fish to those with a light load of fish.  Load leveling is 
also accomplished by cohort management, in which different fish of different sizes are stocked 
together.   
In order to estimate how much the production of a system would increase in these strategies, a 
computer model was created that modeled a RAS over a series of stocking and harvesting events.  
The stability of the system was evaluated by the monitoring of water parameters including 
ammonia, oxygen and carbon dioxide.  A baseline study was created and used to evaluate the 
efficiency of the two load leveling strategies.  Each strategy was found to increase the production 
of the system by upwards of 40% alone and 60% when combined, though this comes at high 
recirculation rates and high number of stocking groups.  A more likely increase of 30 to 40% is 
expected when these strategies are used in combination.   
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CHAPTER 1. INTRODUCTION 
1.1 BACKGROUND 
The need to meet the demand of an increasing world population and stagnating wild fish 
catch has led to the development of aquaculture.  The industry has grown to account for 22% of 
the world’s fish production (FAO 2014), but is facing challenges as it grows more intensive.  
Concerns with these systems include the degradation of water quality, limited water and land 
resources, and the occurrence of disease outbreak.  These concerns have led to the development 
of recirculation aquaculture systems (RAS) technologies (Gutierez-Wing and Malone 2006).  
These systems revolve around treating and reusing the water that fish live in, reducing the 
production water volume. 
While RAS systems have grown in usage, their widespread adoption has been limited due 
to their higher costs when compared to flow through or open systems, but there are several areas 
in which they outcompete their counterparts (Timmons and Lorsordo, 1994; Lorsordo and 
Westeman, 1994; Malone, 2002; Gutierrez-Wing and Malone, 2006).  Currently, the main 
market for commercial RAS involves the growing of fingerling and broodstock for flow through 
systems, which sells for an order of magnitude more per pound than the fully grown fish 
(Lorsordo et al., 1998; Hinshaw et al., 1990; Davis and Lock, 1997; Hinshaw and Thompson, 
2000).   
RAS are able to thrive in this market as they can control key water parameters, such as 
ammonia, oxygen, solids, and carbon dioxide.  Ammonia is excreted by fish and can become 
toxic to fish and stunt fish growth.  Oxygen is a dissolved gas that is necessary for fish and 
bacteria to survive and is constantly depleted by the fish.  Solids accumulate over time and must 
be removed to avoid harm to the fish.  Carbon dioxide is added to the water by fish and bacteria 
 2 
and regulates pH, which in turn controls ammonia toxicity, oxygen saturation, and biofilter 
performance.   
The airlifted-PolyGeyser® (Figure 1.1) consolidates the processes that keep fish alive into 
its two namesake components.  PolyGeysers® are floating bead bioclarifiers that recycle their 
own backwash waters and can be designed to operate at low headloss (Malone et al., 2000).  In 
the PolyGeyser® design, a bead bed composed of modified plastic bead media is pneumatically 
washed (Golz et al., 1999) in order to prevent the clogging of the bead bed.  As the water is 
filtered, nitrifying and heterotrophic bacteria grow on the bead surface.  Modified beads provide 
biofilm protection during backwashing events, and allows for a strategy of high frequency 
backwashing (Sastry et al., 1999).  The high frequency backwash controls headloss and 
optimizes nitrification under heavier feed loads.   
Airlifts are used to regulate the dissolved gasses and the circulation rate of the system by 
injecting air at the base of a configured pipe and are typically placed downstream of the 
 
 
Figure 1.1 Airlifted PolyGeyser® configuration and terminology 
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PolyGeyser® as a means of optimizing gas transfer (Hird et al., 2000; Malone and Gudipati, 
2005).  Air injected at the base replenishes oxygen and removes carbon dioxide according to 
Henry’s Law, while moving the water through the system.  By placing the airlift after the 
PolyGeyser, the oxygen and carbon dioxide are both at levels allowing for the highest gas 
transfer rate. 
The PolyGeyser is designed to maintain water quality suitable from stocking to harvest.  
Fish are stocked in the tank at a low weight and grow over time to a harvest weight with feed 
being added over time.  At harvest, the fish are at their heaviest weight and the feed rate is at the 
highest.  The fish are excreting the most ammonia and, with the bacteria in the PolyGeyser, 
consuming the most oxygen and releasing the most carbon dioxide.  It is at the harvest feed rates 
that the various system components are sized to ensure stable operation.  If the feed rate is 
increased above the design feed rate, the system becomes increasingly unstable, but can still be 
run by a skilled operator to a feed rate of around 150% of the design feed rate due to design 
safety factors.  Above this range, the system will experience unstable operation and be unable to 
keep the fish alive.   
An illustration of the average, design, and actual feeding rates, along with various levels 
of RAS stability are shown in Figure 1.2.  During normal operation, the feed rate is under the 
design rate until harvest.  Before harvest the system components are underutilized as the loading 
rate is less than the designed removal rate.  This ensures stable operation of the system at 
harvest, but results in the components operating at less than full efficiency at all other times.  
Some components, such as the air blowers and water pumps, can be adjusted to the lower loading 
rate, saving the operator money.  Other components, such as the PolyGeyser®’s bead bed, cannot 
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be adjusted, leaving the operator paying for components that are only fully operational briefly 
over an RAS’s culture cycle. 
In order to quantify how efficient the system is, the average feed rate is compared to the 
design feed rate.  This efficiency gives the operator an indication of how the system is operating 
and how much additional production can be obtained from the system.  While the average feed 
rate can increase past the design feed rate value, this pushes the system into unstable operation, 
making the design feed rate an ideal maxima.  In a single system raising a group of fish, there is 
little way to improve the efficiency of the system. 
 Two ways to increase the efficiency of a single RAS system are shown in Figure 1.3.  In 
the first example (a), the stock size is raised to become closer to the design feed rate, but this 
results in low revenue as the size the fish are sold at is not drastically different than the size they 
were bought at.  In the second example (b), more fish are added the system.  This will raise the 
Figure 1.2 The average design, and maximum feed rates for a batch loaded system 
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average feed rate, but pushes the feed rate into unstable operation, running the risk of system 
failure.  
Load leveling is another methodology that utilizes the unused system capacity without 
destabilizing the system by manipulating groups of fish.  Load leveling accomplishes in two 
ways:  the stocking strategies of fish are manipulated within a tank or by linking several tanks 
that have a spaced stocking and harvesting time.  This is illustrated in Figure 1.4, where the load 
(the black line) initial increases linearly from stocking (day 0) to harvest (day 140).  In order to 
decrease the variability and bring the load closer to the average, a series of load leveling steps are 
implemented.  This decreases the maximum and minimum of the load, illustrated by the two grey 
arrows in the illustration.  After the variation is decreased, the load can be increased until it 
reaches the design load as seen in Figure 1.5.  The increase of the average load and the decrease 
in the unused filter capacity can be compared to Figure 1.2, which is only loaded with a single 
batch.  
Figure 1.3 Two examples of increased filter efficiency; (a) illustrates increased stocking mass 
and (b) illustrates increased stocking and harvesting mass 
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Figure 1.4 Increasing degrees of load leveling. The main objective of load leveling is to decrease 
the variability of the load seen by a system 
 
Figure 1.5 The average, maximum, and design feed rates for a load leveled system; once the 
variability is decreased, the load is increased, resulting in a higher average load 
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The two methodologies of load leveling that will be focused on are crossflow and cohort 
management.  In crossflow, the load is taken from RAS under a heavy burden to those under a 
lighter burden, distributing the load.  The tanks that are connected together in this configuration 
are called a block, which is shown in Figure 1.6.  The stocking of each tank is spaced so that 
each tank has a different sized group of fish, resulting in a range of fish sizes and loadings.  All 
of the fish are harvested at once in a tank during harvest, and the tank is immediately restocked.  
The tanks are connected via a water flow that moves contaminants from one RAS to another.  By 
recirculating water, the tanks operating at a lower load can process some of the load of tanks at 
higher loads, allowing for higher production per tank.  As the number of tanks is increased, this 
production increases, eventually reaching a maximum value.   
Cohort management is another load leveling practice that evens out the load by growing 
several groups of similarly sized fish (several cohorts) within a single RAS as shown in Figure 
1.7.  The total number of fish within each tank is evenly split into cohorts.  The stocking and 
harvesting time of these stocks is also evenly distributed so as to occur at a regular interval.  
During harvest, only a single cohort is harvested per tank, resulting in all tanks being harvested 
Figure 1.6 Illustration of RAS configuration as block in crossflow  
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and stocked during a single harvest event.  By mixing several sized fish, the average weight of 
fish within a single tank is increased.  This higher average also means that the average load on 
the system is increased, which brings it closer to the designed load. 
1.2 OBJECTIVE AND SCOPE 
The objective of the thesis is to predict the concentrations of ammonia, oxygen, and 
carbon dioxide in an airlifted-PolyGeyser® under different operating conditions in order to 
evaluate how load leveling can increase production.  This objective is met by developing a series 
of mass balance models that are based upon accepted relationships and empirical constants 
derived from the literature in a paper format.  The second chapter of this thesis discusses a steady 
state model that analyzes how ammonia, carbon dioxide, and oxygen behave over a range of feed 
rates.  The system was sized according to design criteria found in literature and modified from 
practice (Malone and Gudipati 2005; 2007).  The subsequent steady state models in chapters 
three and four used the governing equations of ammonia and oxygen established in the first 
chapter to create methodologies to increase the production of these systems through load 
leveling.  The third chapter discusses the crossflow model, while the fourth chapter discusses 
cohort management and how it can be combined with crossflow.  These models were used to 
Figure 1.7 Illustration of cohort management loading 
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develop criteria for their operation, create rules for operation, and give industry the ability to find 
optimum points of operation.    
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CHAPTER 2. A STEADY STATE MASS BALANCE ANALYSIS OF 
LOADING ON WATER QUALITY PARAMETERS WITH AN AIRLIFTED 
POLYGEYSER® RECIRCULATING SYSTEM  
2.1 CHAPTER SUMMARY 
Recirculating aquaculture systems (RAS) have seen increased interest within the last 
decade due to wider acceptance and improved unit process operations.  RAS must keep the 
oxygen, carbon dioxide, ammonia, and solids in balance.  A system was sized using design 
criteria from Malone and Gudipati (2005) starting with a 10 m3 filter.  Ammonia, oxygen, and 
carbon dioxide were modeled across the feeding regimes of fingerling, growout, and broodstock 
trophic levels.  A single mass balance governing equation was created for ammonia while two 
governing equations (bioclarifier and tank) were developed for dissolved oxygen and aqueous 
carbon dioxide.  The resulting modeling of these parameters matched industry expectations with 
ammonia reaching its critical concentrations, oxygen coming within 0.5 mg L-1 of its critical 
values, and carbon dioxide having a great deal of reserve (more than 10 mg L-1).  Sensitivity 
analysis of the model showed that the volumetric tan conversion rate (VTR) in ammonia and the 
bacterial respiration in the oxygen bioclarifier were the most sensitive parameters, suggesting 
that more studies into backwashing may be warranted. 
2.2 INTRODUCTION 
While the aquaculture industry has grown to account for 22% of the world’s fish 
production (FAO 2014), it is facing challenges.  Concerns of extensive systems degrading water 
quality, using scarce water, using limited land, and the occurrence of disease outbreaks has led to 
the development of RAS technologies (Gutierez-Wing and Malone 2006).  These technologies 
revolve around treating and reusing the water that the fish live in, reducing the amount of water 
needed to run these systems. 
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All RAS water treatment configurations must address the core requirements for 
clarification, biofiltration, aeration, carbon dioxide stripping, and circulation.  The airlifted-
PolyGeyser® combination is supported by “Interim” design guidelines developed from laboratory 
and commercial operation (Malone and Gudipati, 2005; 2007).  These guidelines allow a design 
engineer to draw upon published design and data to size components for different loading 
conditions.  This paper presents a steady state modeling analysis of the airlifted PolyGeyser® 
through steady state solutions developed through mass balance.  The results of the model will be 
checked against industry standards and used to develop methodologies to improve the efficiency 
of filter designs. 
2.3 BACKGROUND 
The airlifted-PolyGeyser® system (Figure 2.1) was developed to consolidate various 
processes involved with the operation of RAS.  The airlift regulates the dissolved gasses of 
oxygen and carbon dioxide in addition to circulating the water through the system.  Oxygen is 
 
Figure 2.1 Airlifted PolyGeyser® configuration and terminology 
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necessary for the health of fish and bacteria, while carbon dioxide controls the pH of the system.  
The PolyGeyser® removes solids, biodegradable organics, and ammonia from the system.   
The use of floating bead filters is now well established scientifically (Golz et al., 1999; 
Sastry et al. 1999) and well quantified from an engineering perspective (Malone and Beecher, 
2000).  The PolyGeyser® recycles its own backwash water which allows the operation of an RAS 
at a high hydraulic retention time (HRT).  A PolyGeyser® is normally packed with modified 
floating bead (Stahl et al., 2000) that creates a fixed film bioreactor bed, which physically 
captures solids.  In a typical recirculating application of moderate scale (1 m3 beads) filters 
usually operate with a total headloss (includes piping and screens) in the range of 20 to 30 cm.  
Developed with marine applications in mind, the PolyGeyser®’s ability to recycle its own 
backwash waters permits high hydraulic residence time (HRT>100 days), but current practice 
largely uses flushing to control nitrate levels with an HRT of the order of 25 days (Malone and 
Beecher, 2000).  Filters are designed to operate under low headlosses (below 0.25 cm per cm of 
bed depth) with conditions associated with moderate organic loads (24 kg feed m-3 beads). 
The PolyGeyser® operates as a pneumatically “gently-washed” floating bead bed (Golz et 
al., 1999).  The use of backwashing maintains a high hydraulic conductivity that prevents the 
clogging of the beads as the bacteria grow and the solids are captured.  A strategy of high 
frequency washing can be implemented to control headloss and to optimize nitrification under 
heavier loads (Sastry et al., 1999).  Backwash intervals typically occur between 1 to 3 hours 
under growout conditions.   
RAS airlifts are designed to operate at low head conditions while regulating gasses and 
providing circulation.  Airlifts have been used for a variety of roles, with water circulation 
(Parker and Suttle 1987), aeration (Reinemann and Timmons, 1989; Colt and Orwicz, 1991; 
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Wurts et al., 1994; Hearn 2009; Johnson 2008) and degasification (Loyless and Malone, 1998) 
already demonstrated.  Though, airlifts come in a variety of forms, the ones usually encountered 
in a recirculating system follow Figure 2.2 with air being injected into a pipe at with a set lift (L) 
and submergence (S).  Air injection lowers the water density in the draft tube, allowing the 
denser tank water to push it upwards; a high submergence generates a higher lift.  Gudipati 
(2005) defined restrictive ranges for L and L/S, and then empirically estimated the airlift 
hydraulic performance characteristics.  The PolyGeyser®’s headloss pattern impacts both 
lift/submergence ratios (L/S) and gas/liquid ratios that in turn control gas transfer characteristics 
(Johnson 2008, Hearn 2009).   
Airlifted-PolyGeyser® systems sizing is based around the load put on the system by the 
feed, which varies depending on the growth stage of fish. The stage of growth is broken into 
Figure 2.2 Airlift configuration and terminology (Hearn 2009) 
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three trophic levels: fingerling, growout, and broodstock (Malone and Pfeiffer 2006).  The 
fingerling level is characterized by a high feed rate relative to body size (3 to 8%), moderate fish 
densities (<30 kg m-3), and require good water quality conditions (total ammonia nitrogen [TAN]  
<0.5 mg L-1).  The growout stage is characterized by moderate feed rates (1 to 3%), high fish 
densities (<60 kg m-3), and fair water quality conditions (TAN <1.0 mg L-1).  Breeding 
operations (the broodstock category) are conducted under the most pristine conditions to protect 
valuable adult breeders and the very sensitive fry.  The broodstock category has low fish 
densities (<20 kg m-3), low feed rates (1 to 3%), and excellent water quality (TAN <0.25 mg L-1).   
The “Interim” Airlifted-PolyGeyser® design guidelines (Table 2.1), summarize the 
published data in a manner that facilitates commercial adoption with a safety factor that is 
believed to be about 50% for the typical warmwater (>15°C) application.  The usual start to the 
design process is either to define the system volume or maximum feed rate.  The ratios in Table 
2.1 are used to size the various system components including the tank volume, the airlift size, 
recirculation flow, etc.  It should be noted that the ratio values change with the trophic level.   
Table 2.1 Illustrative values from the interim airlifted-PolyGeyser® design criteria as 
modified by practice from Malone and Gudipati (2005, 2007). 
Parameter Definition Units Application Broodstock Fingerling Growout 
System volume vt m3 kg-1 feed day 6.66 3.33 1.67 
PolyGeyser® vb m3 kg-1 feed day 0.167 0.083 0.041 
Recirculation flow qr l min-1 kg-1 feed day 167 83 62 
Airlift X-section alift=55.5 qr cm2 kg-1 feed day 93 46 34 
Water discharge qd l min-1 kg-1 feed day 600 300 100 
Approach pipes aa=23 qr cm2 kg-1 feed day 38 19 14 
Air blower-airlift qg=2*qr l min-1 kg-1 feed day 334 166 124 
Air blower-Tank qt l min-1 kg-1 feed day - 83 124 
Blower pressure P cm-H2O >5.5 Lift >5.5 Lift >5.5 Lift 
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2.4 EXAMPLE SIZING 
The components of the system (tank, PolyGeyser® airlift, etc.) were sized given these 
feed rates in a methodology similar to Appendix A and are summarized in Table 2.2.  The feed 
rate is calculated under the assumption that the fish will be held in a 10 m3 tank.  All components 
are then sized to support a feed load of 6 kg day-1.  Under a feed rate assumption of one percent 
day-1, the feed level would support approximately 600 kg of fish.  This would correspond here 
with a maximum fish density of 60 kg m-3.  A 0.25 m3 PolyGeyser® is properly sized to provide 
for the removal of organics and solids while maintaining TAN levels below 1 ppm until harvest. 
 
The circulation flow between the filter and tank is 250 L min-1.  A level that assures 
oxygen delivery to the submerged bed.  This flow in turn, defines the airlift cross section area 
required to keep the water velocity in the draft tube near an energy efficient point.  The airlift air 
constant conservatively estimates airlift air input at 500 L min-1 based on a gas to liquid (G:L) of 
2.0 (1.3 is typical in practice).  Finally, the in tank aeration for the growout application is 
calculated at 250 L min-1.  Although this example provides for one 740 L min-1 blower, often two 
smaller blowers will be used to provide some redundancy.  A single 375 L min-1 blower driving 
either the airlift or tank aeration is typically sufficient to support the fish through a pump failure 
or a servicing event.   
Table 2.2 Major component sizing for a 10 m3 system following the interim airlifted 
PolyGeyser® design criteria. 
Component Variable Value Comment 
Feed rate F
 
6 kg day-1 Given for this example 
Tank volume VT 10 m3 Derived from the tank volume 
PolyGeyser® VB .25 m3 Nearest commercial size is 0.28 m3 
Airlift area Alift 140 cm2 May be divided into two lift pipes 
Recirc. Flow QR 250 l min-1 Water Flow at maximum load from qr 
Airlift air   500 l min-1 Air to airlift at maximum load (for blower sizing) 
Tank air  250 l min-1 Aeration in tank  at max load (for blower sizing) 
Blower B 750 l min-1 Overall capacity of air blower @ 140 cm pressure 
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2.5 MODEL DEVELOPMENT 
The operational success of an RAS is limited by its ammonia, oxygen, and carbon 
dioxide levels.  Oxygen is regarded as the most important, since interruptions in its 
replenishment can cause the death of fish in a matter of minutes.  It is used by fish and bacteria 
in respiration and nitrification.  TAN is one of the constituents of fish excretion that can become 
toxic to fish with the lethal dosage depending on many factors including pH, temperature, life 
stage of the fish, and salinity (Crab et al. 2007, Malone and Pfeiffer 2006).  Carbon dioxide is not 
as critical a water parameter compared to ammonia and oxygen, but high levels can limit growth 
rates.  It also controls the pH of the system, which controls the toxicity of ammonia (Wurts and 
Durborow 1992, Malone and Beecher 2000).  The governing equations obtained from mass 
balance were created to have the feed rate and air flow rate be the only inputs needed for 
quantification of the parameters over the feed rate ranges.   
2.5.1 SYSTEM AMMONIA MASS BALANCE 
The temporal TAN kinetics in an airlifted PolyGeyser® are slow enough that the spatial 
domain can be simplified into a single completely mixed reactor analysis.  In practice, it is 
assumed that the tank volume is a good estimator of the overall system volume and the 
concentration of the system   becomes the concentration of the tank .  The mass balance of 
the system considers the rates of TAN excretion by the Tilapia (	
), the rate of TAN conversion 
by the PolyGeyser® (	 ), and the rate of removal by flushing (discharging) water out of the 
system (	): 
 	
 = 	

 − 	 − 	 (2-1) 
The excretion rate of TAN into the system is controlled by the excretion rate of fish and 
modified by some removal of nitrogen outside of the bioclarifier.  While the majority of 
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nitrification occurs in the bioclarifier, there is some that occurs through biological activity in 
other parts of the system particularly on the sides of the tank and pipes.  These processes 
compose a percentage of the overall nitrification usually on the order of 20% to 30%, with even 
50% being reported (Drennan et al. 2006; Malone and Pfeiffer 2006; Mia 1996; Hargrove et al. 
1996), though a value of 25% was assumed to not have issues with scaling (Colt et al. 2006).  
The excretion rate of TAN can be estimated by the relationship (Malone and Beecher 2000):  
	
 = 
		(1 − ) (2-2) 
where: 

 is the excretion rate of TAN by fish (g TAN kg-1 feed) 
 is the feeding rate of fish (kg feed day-1) 
  is the in situ nitrification rate (dimensionless) 
The removal rate due to nitrification is assumed to be a linear relationship, which is valid 
when combined TAN and nitrite-nitrogen less than 3.0 mg L-3 (Chen et al. 2006; Malone and 
Pfeiffer and Malone, 2006; Malone et al., 2006).  This is based on Monod kinetics at low substrate 
concentrations where the conversion rate increases at a linear relationship to the concentration.  The 
nitrification can be expressed with the relationship: 
	 =  		 (2-3) 
where: 
  is the volumetric TAN conversion rate (day-1) 
 is the concentration of TAN in the tank (g TAN m-3) 
 is the volume of the bioclarifier (m) 
When these rates are added with the minor flushing flow to the governing equation, the 
TAN mass balance becomes:  
	
 = 

	(1 − ) −  		 − 	 (2-4) 
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2.5.2 BIOCLARIFIER OXYGEN MASS BALANCE 
In comparison to ammonia, the kinetics involved with oxygen do not allow for a single 
governing equation.  Airlift kinetics are highly sensitive to the incoming dissolved gas 
concentration, as the gas deficit determines the amount of air added to the system.  A bead bed is 
not completely mixed and operates more closely as a plug flow reactor with the possibility of 
oxygen reduction across the bed being very large relative to the mean value.  This requires that 
an accommodation be made for the linearity of oxygen across the bead bed depth.  The 
relationship between the concentration exiting the bioclarifier and the average concentration of 
the bioreactor (
  and  ) can be correlated if the oxygen drop through the bead bed is 
assumed to be linear.  If the concentration entering the bioclarifier is assumed to be the same as 
the concentration leaving the tank ( ), the relationship between 
 	,  , and   is illustrated 
by Figure 2.3. 
 
Figure 2.3 Illustration of oxygen concentration within a bioclarifier 
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where: 
 =
"#$ + 
 
2  
(2-5) 
And 
' = 2	 − "#$  (2-6) 
This allows 
  to estimate the oxygen concentration leaving the bioclarifier.  The 
governing equation for oxygen in the bioclarifier is given by the rates of oxygen usage by the 
bacteria (	 ) and the incoming and outgoing oxygen mass flux rates (	()"#$ and 	()
 ): 
*+ 
* = −	
 + 	()"#$ − 	()
 (2-7) 
The amount of oxygen used by the bacteria can be related to the amount of feed added to 
the system, though it relies on stable operation of the PolyGeyser®.  Oxygen is used in the bead 
bed by the autotrophic nitrifying bacteria and heterotrophic bacteria.  Backwashing keeps the 
system stable by removing excess biofilm and uneaten feed, with the rate for the bacterial 
oxygen demand being estimated as: 
	 =  	 (2-8) 
where: 
  is the feed to oxygen consumption ratio by bacteria (g Oxygen kg-1 feed)  is the feed rate for the system (kg day-1) 
The two mass flux rates going to and from the bioclarifier are proportional to the 
recirculation flow rate of water, which is governed by the airlift.  The air input ()	can predict 
with remarkable consistency the recirculation flow 	(,) through the gas to liquid (, =
:).  Noting that , (m3 day-1) can be expressed in terms of gas flow to the airlift,   (L 
min-1), a unit correction factor of 1.44 is used in the model to convert from design guidelines 
(Hearn 2009) allowing the mass fluxes to be estimated as: 
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	()"#$ =  	, =
 		
:
(2-9) 
 
	()
 = 
 	, =

 	 	
:  
(2-10) 
 
where: 

  is the concentration of oxygen leaving the bead bed (g Oxygen m-3) 
  is the concentration of oxygen leaving the tank (g Oxygen m-3) 
, is the recirculating water flow (m3 day-1) 
: is the liquid to gas ratio (unitless) 
	  is the air flow going into the airlift (m3 day-1) 
Putting these rates back into the governing equation yields the final equation for the bead 
bed: 
*(+ )
* = −
 	 − 

 	 	
: +
 	 	
:  
(2-11) 
2.5.3 TANK OXYGEN MASS BALANCE 
The oxygen in the tank is assumed to be completely mixed, and is based on the aeration 
from the airlift (	(" ) and in tank aeration (	
. ), the respiration rate of fish (	.
 ), and the 
exchange of oxygen between the tank and bioclarifier (	/()'  and 	/()#$), as shown in Equation 
(2-12): 
( 	)
 = 	("
 + 	
. − 	.
 + 	()
 − 	()"#$ (2-12) 
The rates of aeration follow the same relationship set forth by Johnson (2008) and Hearn 
(2009).  These studies conducted data collection and statistical analysis which defined empirical 
equations for oxygen transfer in specific airlift designs based upon the air input and the deficit at 
the base of the lift tube: 
	(" = 	("+ 	0" − 
 1	  (2-13) 
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where: 
("+  is the aeration kinetic of the airlift (dimensionless) 
"  is the saturated oxygen concentration (g oxygen m-3) 

  is the oxygen concentration leaving the bioclarifier (g oxygen m-3) 
  is the air flow of the airlift (L min-1) 
The rate of aeration from the insitu sources follows this same relationship, with the 
corresponding parameter substituted in (2-14), with 
  changing to  ; ("+  changing to 
. .   
	
. = 
.+ 	(" −  )	 (2-14) 
The rate of oxygen usage by the fish is assumed to be proportional to the feed rate 
according to (2-15): 
	.
 = .
 	 (2-15) 
where: 
  .
  is the respiration rate of the fish (g oxygen kg-1 feed) 
When these equations are substituted back into the mass balance relationship, the 
governing equation for the tank dissolved oxygen concentration becomes Equation (2-16): 
(+)
 = 0"
 − 
+ 1	( 	("+ + 
. ) − .
 	 +

  −  	
: 	 
(2-16) 
2.5.4 CARBON DIOXIDE MASS BALANCE 
The governing equation for carbon dioxide in the bioclarifier follows the oxygen equation 
kinetics.  Within the bioclarifier, the three rates (	2 , 	()
 , and 	()"#$) are assumed to follow a 
similar derivation as oxygen, through the bacteria in the filter release carbon dioxide rather than 
consume oxygen: 
*2 
* = 	
2 − 	()
 + 	()"#$ (2-17) 
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Using the same methodologies as oxygen to derive the equations for rates, the governing 
equation becomes: 
*02 1
* = 
2 	 − 

2 	 	
: +
2 	 	
:  
(2-18) 
The governing equation for carbon dioxide in the tank takes the rates derived from 
oxygen, but changes the direction of some rates.  The airlift and in tank aeration signs change 
from positive to negative as carbon dioxide is stripped from the system, while it is added with 
oxygen.  In a similar manner, carbon dioxide is added to the system through the respiration of 
fish, while oxygen was used.  This causes the rates in the governing equation to equal: 
(2 	)
 = −	("
2 − 	
.2 + 	.
2 + 	()
 − 	()"#$ (2-19) 
Using the same methodology as the tank oxygen governing equation yields: 
3
 = .

2  − 0"2 − 
2 1	( 	("2 + 
.2 ) +
(
2  − 2 	)
:  
(2-20) 
2.6 CONSTANTS USED 
 The constants used in the model came from two main sources: Malone and Gudipati 
(2005), and Hearn (2009).  Malone and Gudipati (2005) gave the various sizes of the 
components used along with operational criteria are shown in Table 2.2 and Table 2.3.  The 
variables used in the model were taken from Hearn (2009) and various literature sources, which 
are summarized in Table 2.4.   
Table 2.3 Operation of aeration and discharge taken from Malone and Gudipati 2005 
Parameter Definition Units 
Application 
Broodstock Fingerling Growout 
Water discharge   L day-1 900 900 600 
Air blower-Airlift   m3 day-1 720 720 1080 
Air blower-Tank  m3 day-1 0 360 1080 
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Table 2.4 Variables used in model taken from literature 
Parameter Definition Units Value Source 
Saturation 
Concentration for 
Carbon Dioxide 
"2  g m-3 0.5 
Colt et al., 2012b; 
Moran, 2010; Loyless and 
Malone, 1998; Eshchar and 
Fediuk, 2003 
Saturation 
Concentration for 
Dissolved Oxygen 
"  g m-3 8.26 USGS, 2014 
Gas to Liquid Ratio : unitless 1.3 Hearn, 2009 
TAN Normalized 
Conversion Capacity 

 
day-1 500 Malone and Beecher, 2000 
Feed Normalized TAN 
Excretion Rate 
Constant 

 g N kg-1 feed 30 Malone et al, 1990; Wimberly, 1990 
In-Situ Nitrification 
Fraction 

 
unitless 0.30 Mia, 2006 
Carbon Dioxide 
Bacteria Release Rate 
Constant 
3  g kg-1 feed 225 Hearn, 2009 
Oxygen Bacteria 
Consumption Rate 
Constant 
  g kg-1 feed 500 Hearn, 2009 
Carbon Dioxide Fish 
Respiration Rate 
Constant 
.
3  g kg-1 feed 690 Hearn, 2009 
Oxygen Fish 
Respiration Rate 
Constant 
.
  g kg-1 feed 350 
Timmons and Ebeling, 
2010; 
Colt et al., 2006; 
Kautsky et al., 1997 
Carbon Dioxide 
Transfer Constant-
Airlift 
("3  unitless 0.63 Hearn, 2009 
Oxygen Air-Water 
Transfer Constant-
Airlift 
("  unitless 0.44 Hearn, 2009 
Carbon Dioxide 
Transfer Constant-
Airstone 

.3  unitless 1.26 Hearn, 2009 
Oxygen Air-Water 
Transfer Constant-
Airstone 

.  unitless 0.88 Hearn, 2009 
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2.7 STEADY STATE EQUATIONS 
The governing equations developed from the five mass balances can be solved under a 
steady state assumption (Table 2.5) providing the means to evaluate expectations for system 
performance under various sizing assumptions.  It is assumed that the kinetics involved with the 
RAS are slow enough that a steady state solution will give the same result as a dynamic model.  
TAN was evaluated across the system using a single governing equation.  The maximum or 
critical concentration that TAN could not surpass was observed to be the toxic concentration of 
fish as opposed to the bacteria, which are all shown in Appendix B.   
The critical concentration of the dissolved gasses was found from literature, and depends 
on the species being analyzed. The critical concentration values are listed in Appendix C.  
Generally bacteria can handle poorer water quality conditions compared to fish, allowing the 
bioclarifier to support lower oxygen values.  The minimum tank oxygen concentration for the 
fish to not experience any chronic or acute issues was found to be 5 mg L-1 and with the bacteria 
needing a minimum concentration in the bioclarifier of 2 mg L-1.  Critical carbon dioxide 
concentrations are influenced by alkalinity management.  High carbon dioxide concentrations 
lower the pH below the optimum for nitrification (Loyless and Malone 1998).  The maximum 
concentration of carbon dioxide was estimated at 20 mg L-1. 
By solving the governing equations for the various state variables, it is possible to derive 
equations based solely on the feed rate, and the two potential air inputs ( 	45	) which 
control the gas exchange.  It is observed that the tank volume () does not appear in the steady 
state solution and thus this analysis does not provide for appropriate tank sizing criterion, 6".   
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Table 2.5 Steady state equations describing the key parameters characterizing the RAS water 
quality 
 
2.8 ANALYSIS 
The steady state equations were solved over the expected range of feed application for the 
three trophic levels.  The concentrations were graphed across the three trophic feed ranges (0 to 6 
kg day-1).  The change in trophic levels results in the altering of some operations (i.e. tank 
aeration) which results in spikes in Figure 2.5.  This results in two spikes in the graph at 1.5 kg 
feed day-1 and 3 kg feed day-1, when the trophic levels change.  This change is due to the 
constants and variables changing as discussed in the constants section.  Figure 2.5 shows the 
expected carbon dioxide and oxygen concentrations and Figure 2.4 shows TAN. 
Parameter Steady State Solution Critical Concentration (mg L-1) 
TAN Tank 7 =

(1 − )
(  − ) 
<0.25 [Broodstock] 
<0.5 [Fingerling] 
<1.0 [Growout] 
Carbon Dioxide 
Tank 
2 	= "2 +
0.
3 +3 − ("3 3 :1
("3  + 
.3 
 <20 
Oxygen Tank  	= " −
(.
 +  − ("  :)
("  + 
. 
 >5 
Carbon Dioxide 
Bioclarifier 
Effluent 

2 = 2 +
3 	:

 <20 
Oxygen 
Bioclarifier 
Effluent 

 =  −
 	:
 	
 >2 
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The state variables match industry expectations, with oxygen approaching its peak 
category critical concentration as ammonia reaches its critical concentration.  The reserve 
capacity of the airlift to regulate oxygen is reflected in the difference of the projected oxygen 
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Figure 2.5 Concentrations of carbon dioxide (Cc) and oxygen (Co) in the tank (T) and bioclarifier 
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Figure 2.4 Ammonia concentration over the range of feeding rates; the critical concentrations 
are shown at the peak feeding of trophic levels 
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values and the critical values.  While, the projected concentrations of ammonia reach the critical 
concentrations of ammonia, the reserve capacity has been demonstrated with a higher VTR as 
the system design and operation have improved (Hearn 2009).  The wide difference between the 
critical level of carbon dioxide concentrations throughout the system and its critical 
concentration reinforces the assumption of Loyless and Malone (1998), where the demands of 
carbon dioxide are met if oxygen is accounted for in the system. 
The steady state mass balance model is a useful tool in accessing the performance of 
systems designed according to the design criteria or modified from it.  Embedded in a 
spreadsheet, the equations provide a rapid sizing tool that can be used to examine the impact of 
the principal sizing parameters.  The model also allows potential impacts of changes in the core 
design factors, such as the amount of air to the airlift and to tank aeration system to be quickly 
assessed.   
2.8.1 SENSITIVITY ANALYSIS 
In order to identify possible weaknesses in the model, a sensitivity analysis was 
performed one factor at a time to see how changes in a variable would impact the model.  The 
five state variables (system TAN, tank and bioclarifier oxygen, and tank and bioclarifier carbon 
dioxide) were analyzed when the system was at the highest feeding rates, for each trophic level.  
The variables used in the steady state equations were varied in 10% increments, starting at 70% 
of its original value, and increasing to 130%, with the resulting change in the model recorded.  A 
variable was considered sensitive if the resulting percentile change in the model was greater than 
the variable percentile change (i.e. more than the 10% increment).  A summary of the sensitivity 
study is shown in Table 2.6.  The sensitive areas are denoted with a shaded region in Figure 2.6 
and Figure 2.7. 
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Table 2.6 Sensitivity analysis results 
State Variable 
Impacted 
Steady State Variable Changed Resulting Sensitive Variables 
7  
, ,  ,   , 
 
  .
 , (" ,  , :, 
.  

 (Growout) 

.  (Broodstock) 

  .
 , (" ,  , :, 
.  

 (Growout) 

.  (Broodstock) 
2  .
3 , ("3 , 3 , :, 
.2  - 

2  .
3 , ("3 , 3 , :, 
.2  - 
 The variables that were analyzed under the sensitivity analysis were those most likely to 
change based on different system configurations.  This leaves out variables such as the saturation 
concentration of oxygen or carbon dioxide, leaving many of the variables related to the biologic 
functions of the system.   
 
Figure 2.6 Sensitivity analysis of TAN at the growout trophic level revealed the volumetric TAN 
conversion rate as the most sensitive parameter 
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Figure 2.7 Sensitivity analysis of oxygen in the bioclarifier at the growout trophic level identified 
the respiration by bacteria as the most sensitive parameter 
2.9 CONCLUSION 
The model allows for the prediction of RAS behavior under different conditions.  If the 
parameters used in the model change due to different fish being used or if the environment 
changes; this model can indicate when the design assumptions need to be modified.  
Furthermore, this model can be altered in order to see how a change in the Airlifted PolyGeyser® 
operation will affect the RAS, which will come in use with the changes introduced in the next 
Chapter. 
This model output was consistent with projected operation conditions set forth by Malone 
and Gudipati (2005) for an airlifted PolyGeyser® RAS.  The predicted behavior of the RAS were 
within accepted ranges for ammonia, oxygen, and carbon dioxide.  The carbon dioxide 
approached half of the critical value at peak loadings, a finding consistent with the laboratory 
findings of Loyless and Malone (1998).  Carbon dioxide is not an issue with blown air systems 
as long as the oxygen demand of the fish and biofilter is met.   
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The steady state analysis shows how the critical parameters will behave over time.  
Carbon dioxide and oxygen stayed within their critical limits in the tank and bioclarifier.  
Ammonia reached its critical limit in all of the trophic levels making it the limiting factor in the 
design of an RAS system.  The sensitivity analysis also revealed that certain parameters, such as 
 could be eliminated in future models, and that aeration might be increased at later fish stages 
as the oxygen in the bioclarifier approaches anaerobic conditions. 
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CHAPTER 3. CROSSFLOW 
3.1 CHAPTER SUMMARY 
Load leveling is an operating strategy that can increase the production of a recirculating 
aquaculture systems (RAS) while maintaining stable operation.  Crossflow is one strategy that 
connects individual RAS together hydraulically to distribute the peak loads amongst filters.  This 
is accomplished by exchanging water from higher fed tanks and transferring it to lower fed tanks.  
An excel computer model was developed from a steady state mass balance analysis to look at the 
increase in production that could be achieved while keeping ammonia and oxygen within normal 
operating limits.  Water was circulated from higher loaded tanks to lower loaded tanks.  In all 
runs ammonia was found to be the limiting factor.  With a high circulation flow (90s tank HRT) 
a maximum production increase of about 45% was found in a block of 8 tanks.  At this high 
production, most of the system’s filtering capacity was used (90%).  An optimum operating point 
suggested for commercial adaptation was identified as a block of four tanks using a lateral 2 hour 
tank turnover time, which gives a production increase of 24%. 
3.2 INTRODUCTION  
 Commercial RAS in the United States have traditionally had a problem maintaining large 
profit margins because the overseas markets that U.S. RAS industry competes with can import at 
low cost.  This has resulted in the U.S. RAS industry being in a support role, mainly holding the 
broodstock and producing fingerlings for stocking net pens and ponds (Gutierez-Wing and 
Malone 2006).  
RAS systems often operate in a batch loading configuration.  In this set up, a single group 
of fish were grown from an initial hatching size to a set harvest size.  This results in 
underutilization of the bioclarifier and aeration components of the system, while ensuring stable 
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operation of the system at harvest.  Some components, such as the air pumps, can be adjusted to 
the lower loading rate, saving the operator money.  Other components, such as the 
PolyGeyser®’s bead bed, cannot be adjusted, leaving the operator paying for components that are 
only fully operational briefly over an RAS’s lifespan.  This unused capacity can be used in a 
strategy of load leveling which focuses on transferring the load of higher density systems to 
lower ones.  Two examples of how this can be accomplished are the shifting the load to other 
parts of the system with water in crossflow or the reduction of the system’s load variation in 
cohort management. 
 A computer model was created to evaluate load leveling and predict how a system would 
behave under different conditions.  By utilizing governing equations created from mass balance, 
a RAS can be simulated under various conditions from stock to harvest over a year.  By finding 
optimum operating points, this allows for general rules of operation to be created. 
3.3 BACKGROUND 
The airlift-PolyGeyser® combination regulates solids, dissolved wastes, and gasses in a 
RAS to ensure stable operation.  PolyGeysers® are floating bead bioclarifiers that recycle their 
own backwash waters (Sastry et al., 1999) and can be designed to operate at low headloss.  In the 
PolyGeyser® design, a bead bed composed of modified media is pneumatically washed (Golz et 
al., 1999) in order to prevent the clogging of the bead bed as the solids are captured and the 
biofilm grows.  The modified media provides for partial biofilm protection during backwashing 
events.  A high frequency washing (Sastry et al., 1999), which can be implemented to control 
headloss and to optimize nitrification under heavier loads.  The airlift provides aeration and 
degassing while circulating water.  The airlifts used are typically placed downstream of the 
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PolyGeyser® as a means of optimizing gas transfer (Hird et al., 2000; Malone and Gudipati, 
2005).   
The feed rate of the system is used to size the system components in an airlifted-
PolyGeyser® RAS, as this determines the load on the system, either through the oxygen depletion 
or the increase in ammonia.  The system is kept in balance as all the components, such as the 
airlift and PolyGeyser, are sized according to design criteria such as those found in Malone and 
Gudipati (2005).   
These design guidelines use the design feed rate, which only occurs for a limited amount 
of time around harvest as seen in Figure 3.1, leaving the system underutilized for a large portion 
of time.  The degree of underutilization can be calculated by dividing the average feed rate by the 
design feed rate, which gives the efficiency of the system.  An ideal system would have the 
average feed rate equal to the design feed rate without the feed rate going into the increasingly 
unstable operation.  If the load on the system is increased past these design values, the operation 
Figure 3.1 Used and unused system capacity for a RAS supporting batch growout 
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gradually becomes unstable as reserve capacity is used.  Eventually as safety factors are 
exhausted, failure in key parameters, such as dissolved oxygen delivery to the bead bed, assures 
system collapse. 
The underutilization is illustrated in Figure 3.1 is the focus of many strategies to increase 
the production of a system.  These strategies revolve around the manipulation of system 
components to better utilize the resources of the system, while not violating the design capacity 
of the system.  The effectiveness of these strategies can be determined by comparing the increase 
in production to a single batch system, and by how close the average load on the system comes 
to the design load.   
Crossflow is a load leveling strategy in which the demand on oxygen and ammonia 
regulation is distributed from highly loaded tanks (kg biomass m-3 tank volume) to lower ones 
via a water flow.  The group of tanks connected in such a way is designated as a “block,” which 
is illustrated in Figure 3.2.  The stocking time of each tank within a block is staggered so each 
tank has different sized fish.  By moving water from one bioclarifier to the other, the tank 
biofilters at a lower load can support the load from the higher loaded bioclarifiers, resulting in an 
increase of the average load supported.   
Figure 3.2 Illustration of flow, RAS stocking setup, and block configuration with crossflow 
implementation 
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In order for the load in each tank to be different, the stocking must be staggered across a 
block.  The tanks are stocked at regular intervals, which is determined by the growout time of the 
fish.  With a growout time of 140 days, the stocking internal is 35 days in Figure 3.2.  The first 
tank is stocked on day zero, the second tank on day 35, the third tank is stocked on day 70, and 
the fourth tank is stocked on day 105.  On the 140th day, the first tank is harvested and then 
restocked with fish, and from this point all tanks are harvested and restocked on the completion 
of 140 days from stocking.   
 The increase in production is controlled by components of the system: the flow direction, 
the magnitude of the flow across the tanks (crossflow), and the number of RAS within a block.  
Figure 3.2 shows the counter clockwise flow direction in a block.  As more tanks are connected 
in a block, more components can be used to regulate water parameters, which allows the feed 
rate to be increased. 
 The kinetics of airlifts and floating bead filters have been well studied, allowing for a 
computer model to be used to find an optimum operational point for the RAS block.  The 
increase in production can be weighed against the cost to modify the system, with the main 
expense expected to be the operational cost of maintaining the crossflow. 
3.4 MODEL DEVELOPMENT 
The governing equations used to run the model were developed using the federate as the 
driving force behind an airlifted-PolyGeyser® RAS raising tilapia in a series of 140 day growout 
phases.  The components of a typical airlifted PolyGeyser® system were sized using design 
rationale from Malone and Gudipati 2005, assuming a 28 m3 tank.  The bioclarifier size with the 
aeration requirements summarized in Table 3.1: 
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Table 3.1 Main system sizing 
Component Variable Value 
Tank volume VT 28 m3 
PolyGeyser® VB .709 m3 
Airlift Air   2124 L min-1 
Tank Air  2124 L min-1 
3.4.1 FEED RATE 
The daily feeding rate pattern was based on the average weight of an individual fish 
within a RAS, according to an established industrial tilapia growout practice (Hargreaves 2013).  
The feed rate formula is shown in Equation (3-1), with a decaying multiplier being used to 
determine the feed added.  The relationship between the fish size and feed rate is shown in 
Figure 3.3.  
 = 8	9 (3-1) 
where: 
 F is the daily feed rate of fish (kg feed day-1) 
f is the feed rate to fish mass ratio (kg feed kg-1 fish) 
 M is the individual mass of fish (kg	Fish) 
 
Figure 3.3 Comparison of the exponential increase in fish size against the linear feed rate 
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3.4.2 AMMONIA MASS BALANCE IN CROSSFLOW 
The governing equations for the mass of ammonia in a system was modified from Alt et 
al. (2010).  This paper created a single governing equation for ammonia in an RAS based on the 
ammonia coming from fish excretion, nitrification, and discharge of water from the system.  A 
single governing equation for the tank and airlifted PolyGeyser® set up was kept, however the 
discharge of ammonia was dropped from the system as this was shown to have little impact on 
ammonia, and could be considered as a safety factor.  The governing equation used in this model 
is comprised of the excretion of fish (	
), nitrification (	 ), and the mass flux from crossflow.  
This was done by having including rates for the ammonia coming into (	# ) and out of (	
 ) 
one tank from another, which is shown in Equations (3-2) and (3-3).   
	(#	)
 = 	

 − 	 + 	# − 	
  (3-2) 
	(#	)
 = 
' 	#	(1 − ) 	− #		 + 2 	#±A −2 	# (3-3) 
where: 
2 is the crossflow (m3day-1) 
# is the ammonia concentration in tank n (dimensionless) 
 The tank number, n, used in the ammonia balance is considered a variable.  Figure 3.2 
shows one flow direction, but the flow could just as easily go in the opposite direction, thus the 
tank number used in 	#  is either from the tank in front of or behind it, giving #±A .  The flow 
direction will be determined from the model, with the direction chosen based on the production 
given the same number of tanks and amount of water flow. 
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3.4.3 OXYGEN MASS BALANCE IN CROSSFLOW 
The governing equations used in Alt et al. (2010) split the RAS into a tank and 
bioclarifier, based on the rates of aeration, respiration, and water recirculation between the two.  
This model takes the two governing equations and combines them into a single equation to give 
the change in oxygen over time in a single RAS tank.  This change resulted in the governing 
equation for oxygen to be based on the amount of respiration from bacterial (	 ) and fish 
(	.
 ), the amount of oxygen being added via the airlift (	(" ) and airstone (	
. ), and the mass 
flux from crossflow going into (	# ), and out of the RAS (	
 ).  The governing equation with 
the rates and their derived formulas are shown in Equations (3-4) and (3-5), with a similar 
approach used for 	#  as in ammonia. 
	# 	
 = −	
 + 	(" + 	
. − 	.
 + 	# − 	
  (3-4) 
	# 	
 = ("
 − # )	0
.  + (" 	1 − #	(.
 +  ) + 2 	#±A − 2 	#  (3-5) 
3.4.4 VARIABLES USED 
 The variables related to design components were drawn from Malone and Gudipati 
(2005), which are summarized in Table 3.1.  The variables related to various kinetics were taken 
from Chapter 2, which were modified from Alt et al (2010).  Unlike Chapter 2 which looked at a 
RAS across three trophic levels, this simulation only looked at the growout trophic level, with all 
variables held constant during the simulation run with the exception of the feed rate.  The system 
sizing was increased, with an airlifted PolyGeyser® media bed of 0.709 m3 and a tank of 28 m3 
being used.  The critical concentration of ammonia changed from Chapter 2, and was increased 
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to 1.5 mg L-1 to reflect an increase in the rate of feed and ammonia concentration seen under 
many commercial tilapia operations. 
3.5 RESULTS 
 Figure 3.4 shows a yearlong simulation of the ammonia and oxygen concentration within 
a non-load leveled RAS run to its carrying capacity.  In the initial run, ammonia was the limiting 
factor, reaching its critical concentration of 1.5 mg L-1 at a loading of approximately 1890 
kilograms of fish, with oxygen dipping down to 5.8 mg L-1.  The average feed rate of the system 
was around 16 kg of feed day-1, with a maximum of 25 kg of feed day-1.  The bioclarifier 
operating at an average of 63% design capacity for the regulation of ammonia, and aeration 
system operated at 30% replacement capacity for the regulation of oxygen.   
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3.5.1 CROSSFLOW DIRECTION 
Before the improvement from cohort management was be modeled, the more efficient direction 
of flow within the system was determined.  Water flow can go in two directions: directly from 
the smaller loaded to larger loaded tank, or from the larger loaded tank into the smaller loaded 
tank.  Figure 3.5 shows the ammonia concentration as a result of flow going in both directions 
over a year in a four tank simulation.  The more effective flow going directly from the lighter to 
heavier fed tank.  The peak concentration of ammonia changes for each direction, with the 
heavier to lighter flow peak occurring at the tank under the heaviest load, and the lighter to 
heavier flow occurring in other tanks.  As a result, the flow in all crossflow simulations goes 
from the lighter stocked tanks to the heavier fed tanks.   
 
 
Figure 3.5 Concentration of ammonia given different flow directions 
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3.5.2 EFFECT OF CROSSFLOW 
 Figure 3.6 shows the result of increasing the magnitude of the crossflow on the ammonia 
concentration.  This simulation was run with a four tank block over 140 days using the more 
efficient flow direction.  As the crossflow increases from zero, the concentration over time is 
transformed from a linear line into a sawtooth wave.  The lines eventually converge an ammonia 
concentration of ~0.9 mg L-1.  The number of crests and troughs depends on the number of tanks 
connected together in crossflow, with one crest forming per tank in a block.  The graph of 
oxygen over time follows a similar pattern, in which a linear line becomes jagged and starts to 
converge around an average value, though the concentration has a descending slope over time 
rather than ascending. 
The lowering of the maximum ammonia and raising of the minimum oxygen 
concentrations can be used to increase the efficiency of the system.  As Figure 3.6 shows, as the 
crossflow increases, the average ammonia concentration stays the same, but the crest decreases 
Figure 3.6 Effect of crossflow on ammonia concentration; as the number of tanks 
connected together increases, the peak ammonia concentration decreases 
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from 1.5 mg L-1 at no crossflow to about 1.1 mg L-1 at 100 Tank HRT’s per day.  If the loading 
of the system is increased to take advantage of the lower maximums, the production of the 
system can be increased by 37%, with the average feed rate reaching 81% of the design feed rate 
at the highest run of 100 HRT per day.   
It was observed in all trial runs that oxygen was never the limiting factor.  A few select 
trail runs are shown in Figure 3.7.  These simulations show the oxygen concentration across a 
series of runs with ammonia being the limiting parameter.  As can be seen, oxygen was never 
limiting, and still had 0.8 mg L-1 of reserve treatment capacity at its lowest point. 
 
Figure 3.7 Oxygen concentrations across a series of crossflow runs; oxygen was not found to be 
limiting in any run 
3.5.3 PRODUCTION INCREASE IN CROSSFLOW 
By taking advantage of load leveling, the increase in production across a range of block 
sizes and circulation range, which can be seen in Figure 3.8.  Though the number of tanks 
increases the filter capacity that can be employed to remove ammonia, more flow is required to 
make use of it, which can be seen in the production increase peaking with a smaller block size. 
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Figure 3.8 Production increase from crossflow; as the number of tanks connected and crossflow 
increase, the production increases 
Given these systems were sized from Malone and Gudipati (2005), general rules of 
operation can be created.  It was observed that oxygen was never a limiting factor, as shown in 
Figure 3.7.  At practiced crossflows on the order of a tank HRT every hour or two lower a 20 to 
25% increased production can be achieved with a block of 3 to 5 tanks.   
An example of how this can be put into practice is shown in Figure 3.9 (a).  In this 
example, four 0.709m3 airlifted-PolyGeyser® is connected to 28 m3 tanks.  It is common practice 
to use two airlifts to circulate the water from the PolyGeyser® to the main tank, which ensures 
there is always one airlift operating if one should fail.  Each airlift in this example is supplying 
air at about 64 m3 per hour, or 54 HRT per day.  If one of the airlifts is diverted to flow water 
into the tank next to it before looping back to the first tank (shown in Figure 3.9 (b)), the system 
is now in a block configuration.  Using this methodology would cost little to the user, and result 
in an increase in production of 33%.   
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Figure 3.9: Configuration of airlifted PolyGeysers® attached to tanks (a) as would be designed, 
and (b) in an example crossflow situation 
3.5.4 OPTIMAL OPERATION POINT OF CROSSFLOW 
 The computer model can be used with commercial feedback to determine optimum points 
for crossflow operation.  These points occur when the difference in between the profits from the 
increase in production and the cost to operate the system is greatest.  It can be expressed in 
Equation (3-6), which balances the production increase (Prod), disease risk (Dis), cost of water 
circulation (Circ), and miscellaneous costs (Misc). 
8(BCDE	FGHI, 2) = JKD − GKE − LGM ± 9GME (3-6) 
The magnitude of the cost and production will vary depending on the priorities of the 
operator.  The cost used in the formula will depend on the operator’s emphasis on construction or 
upkeep costs, while the income from production will depend on how many years of production 
increase is considered.  The risk of disease is another issue that must be decided by the operator.  
Before the implementation of crossflow, all of the tanks are isolated and an outbreak of disease is 
contained to one tank.  By linking the tanks in crossflow, a disease can now infect and kill all 
fish within the block.  Due to this, it is expected that disease resistant species such as tilapia will 
be used to reduce the risk of a disease outbreak, and that block sizes will be kept at a maximum 
of four tanks. 
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The miscellaneous cost will consist of costs and benefits that affect crossflow.  One 
advantage to having tanks connected together in a block is the ability of the operator to only 
monitor a few.  This cuts down on the amount of time spent drawing and running samples, 
saving the owner money.  It is under investigation how to determine the tank under the highest 
stress using the size of the block and flow rate as inputs.  Given that the difference in ammonia 
concentration between the tank with the highest load and highest ammonia concentration, the 
tank with the highest system load can be sampled to approximate ammonia, which would reduce 
the sampling needed.   
3.6 CONCLUSION 
  In order to increase the efficiency of a bioclarifier, a structure has been developed to 
utilize the unused system capacity increase the system’s production.  This computer model 
shows that crossflow is a possible practice that can be used to accomplish this.  By circulating 
the water through a series of tanks connected in a block, the lighter loaded systems can be used 
to take some of the loads of the heavier loaded ones.   
A few guidelines can be derived from the computer model.  It was found that flow going 
from smaller loaded tanks to larger loaded tanks was more effective than flow going in the 
opposite direction.  It was found that oxygen was never the limiting factor in these runs.  A 
predicted commercial application is a block size of 3 to 4 tanks with the circulation flow giving a 
tank HRT of two hours, which is predicted to give a production increase of 24%.  However, 
input from industry will be needed in order to determine the optimal operational point as the 
costs associated with crossflow will vary from system to system. 
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CHAPTER 4. ANALYSIS OF COHORT MANAGEMENT ALONE AND IN 
COMBINATION WITH CROSSFLOW 
4.1 CHAPTER SUMMARY 
 Load leveling is a group of methodologies that increases the production of a recirculating 
aquaculture system while still keeping it within a stable operating range.  Load leveling attempts 
to raise the average load that a RAS experiences over time in order to use bioclarifier and 
aeration capacity that are not utilized under light loads.  Cohort management is one such load 
leveling strategy, which alters the composition of the size of fish within a tank.  By manipulating 
the size of fish from one sized group into several different sized groups of equal number, the 
average feed rate can be increased.  A computer model was created to analyze how a RAS would 
behave under different numbers of cohorts.  A maximum of 45% production increase using 8 
cohorts was found compared to batch loading, though it is expected that only 2 or 3 cohorts be 
used per tank due to harvesting costs, which results in production of 24 or 32%. 
 The model for cohort management was combined with crossflow to take advantage of 
both load leveling methodologies. Crossflow is a load leveling strategy in which the load placed 
on oxygen and ammonia regulation is distributed from highly loaded tanks to lower ones via a 
water flow.  It was found that oxygen and ammonia approached critical levels at high crossflow 
and large number of cohorts, indicating almost all unused system capacity is used.  This further 
increased production to a maximum of 56%.  Using expected operational guidelines of a 4 tank 
block and 2 cohorts per tank results in an increase in production of 38% compared to a batch 
loaded system.  A tank block by itself using a similar configuration was able to sustain a 24% 
increase with crossflow alone. 
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4.2 INTRODUCTION 
 Commercial Recirculating Aquaculture Systems (RAS) have traditionally had a problem 
with profit margins.  In an attempt to increase the production of the system, there has been an 
attempt to more fully use the system’s capacity.  Under-utilization occurs whenever the system 
components do not operate at the design capacity, which can be a large portion of the operation 
time of an RAS. 
 Load leveling is an effort to utilize this unused capacity, and is characterized by 
procedures that distribute the load across the system.  In crossflow, this is accomplished by 
moving the load within the water column across tanks in a block.  In this configuration, each 
tank has a different sized cohort and is connected to the next tank by a flow, which distributes 
the load.  Another methodology within load leveling is to put a number of cohorts within the 
same tank within cohort management.  In both methodologies, the number of fish within each 
tank is the same, however in cohort management the fish are broken up into equally numbered 
groups of different sized fish.   
A computer model was created to predict the production of cohort management and how 
it could be integrated with crossflow.  The model utilizes mass balance to create governing 
equations to describe how the system behaves from fish stock to harvest.  This model was then 
be used to determine how different designs would affect the production and operating conditions 
of the system.  This allowed for the creation of general rules of operation, in addition to finding 
optimum operating points given industry input. 
4.3 BACKGROUND 
The airlifted-PolyGeyser® condenses the processes necessary for the operation of an RAS 
into the two components of its namesake.  PolyGeysers® are floating bead bioclarifiers that 
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recycle their own backwash waters (Malone et al., 2000) and can be designed to operate at low 
headloss.  In the PolyGeyser® design, a bead bed composed of modified media is gently washed 
(Golz et al., 1999) in order to prevent the clogging of the bead bed as the water is filtered and the 
nitrifying bacteria grow.  The modified media provides for biofilm protection during 
backwashing events, and allows for a strategy of high frequency washing (Sastry et al., 1999), 
which be implemented to control headloss and to optimize nitrification under heavier loads.  The 
airlifts are used to regulate the dissolved gasses and the circulation rate of the system by injecting 
air at the base of a configured pipe.  The airlifts used are typically placed downstream of the 
PolyGeyser® as a means of optimizing gas transfer (Hird et al., 2000; Malone and Gudipati, 
2005).   
One of the controlling parameters in the design of the airlifted-PolyGeyser® is the 
maximum feed application rate.  This controls the amount of ammonia entering the system and 
oxygen being used, both of which need to be maintained at acceptable levels.  By operating at 
the highest feed rate, the maximum production from the system can be realized, with the system 
sized according to criteria such as those found in Malone and Gudipati (2005).  One of the 
simplest feeding regimes in a RAS involves a single batch of fish being raised to a certain size or 
weight.  As the fish grow, they are fed an increasing amount, but at a decreasing percentage of 
their total weight.  The largest feed rate can be considered the design point of the system, though 
this only occurs for a small amount of time.  The feed rate be expressed mathematically in 
Equation (4-1), and forms the baseline used for comparison to other feeding regimes described 
later. 
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 = 8	9 (4-1) 
where: 
 F is the Feed Rate of Fish (kg feed day-1) 
 f is the feed rate to fish mass ratio (kg feed kg-1 fish) 
 M is the mass of fish (kg	fish) 
 Cohort management is a load leveling strategy that manipulates the feed rate in order to 
even out the system load.  A series of cohorts, or fish that are of similar size, are distributed 
through the system in order to even out the load.  The split depends on the number of cohorts 
used, with two cohorts being split in half between two tanks, three cohorts split into thirds across 
three tanks, four cohorts split into fourths across four tanks, etc.  During harvest, only the largest 
cohort per tank is harvested and subsequently restocked, which is in comparison to crossflow in 
which one tank is harvested in every block.  This is illustrated in Figure 4.1, in which four 
cohorts are split across four tanks. 
 
Figure 4.1 Illustration of fish size in cohort management 
 This distribution allows for more fish to be stocked compared to a single batch loading, 
as the average fish loading can be maintained closer to the design load.  This is illustrated in 
Figure 4.2 with three cohorts used as an example.  Each of the dips in the “Total Feed Rate 
within a RAS” represents a harvest, during which the largest cohort of fish is removed from the 
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system and a new group of fingerlings is introduced.  As the number of cohorts increases, the 
number of harvests in a RAS increases and the variation between the minimum and the 
maximum decreases.  This raises the load that a filter sees in a single RAS without overshooting 
its design capacity, while also decreasing the variation seen.   
 
Figure 4.2 Cohort loading example; the feed rates of the three cohorts are added together to give 
the total feed rate of the tank 
 
When cohort management is combined with crossflow, the stocking timing of changes as 
the number of cohorts increases.  The number of cohorts used is multiplied by the number of 
tanks connected in crossflow to give the number of stocking intervals needed.  In Figure 4.3, the 
four cohorts across three tanks make twelve stocking intervals.  With a harvesting time of 140 
days, the interval is 11 ⅔days.  Given that an operator will not time their stocking of fish down to 
the hour, this interval is rounded up or down.  The stocking strategy for a block of tanks is to 
stock a cohort in each tank throughout the block before looping back to the first tank in a block.  
As an example, in Figure 4.3, the first cohort is stocked on day zero in the first tank, the second 
cohort is stocked on day 12 in the second tank, the third cohort is stocked in the third tank on day 
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23, the fourth cohort is stocked on day 35 in the first tank, the fifth cohort is stocked on day 47 in 
the second tank, etc.  After 140 days in a tank, a cohort is harvested and restocked. This results in 
a great deal of time and labor spent harvesting, which is one of the drawbacks to a high number 
of cohorts and tanks within a block. 
 
Figure 4.3 Example of stocking pattern seen in the stocking of four cohorts across three tanks 
 
4.4 MODEL DEVELOPMENT 
The objective of the simulation study was to analyze crossflow and its combination with 
cohort management and to attempt to define rules of operation for the operation of each.  These 
rules will be used to determine the production efficiency of cohort management, and a 
combination thereof.  An excel model was developed to solve for a system developed from a 
series of governing equations developed from mass balance.  The model takes the fish mass and 
models the oxygen and the ammonia over a series of harvest.  In this model, the constants and 
kinetics were based partially off of a tilapia growout system from Malone and Gudipati (2005) 
and the system of equations defined in Alt et al. (2010).  
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4.4.1 AMMONIA IN COHORT MANAGEMENT ALONE AND WITH CROSSFLOW 
This model takes the equations that Alt et al. 2010 developed, modifies them for cohort 
management.  The flushing flow was neglected in the mass balance model as this had little effect 
on the concentration of ammonia in the system.  Equation (4-2) shows the change of the feed rate 
from a single cohort to that of the combination of feed rates (#7) for n cohorts.  These feed rates are 
staggered as illustrated in Figure 4.2, with all cohorts stocked at an even distribution.  The total 
number of fish within each tank is split evenly across all cohorts.   
#7 = OP	9
#
QA
(4-2) 
where: 
 #7 is the sum of the feed rates of RAS n (kg feed day-1) 
 n is the number of cohorts within the RAS (dimensionless) 
 P is the food to fish feed rate for i cohort within the RAS(kg feed kg-1 fish) 
 9 is the mass of fish for i cohort within the RAS (kg	Fish) 
The governing equation for ammonia within single RAS in crossflow is simplified into 
the excretion rate of fish (	
) and the nitrification in the bioclarifier (	 ): 
(#	)
 = 	

 − 	  
(4-3) 
Plugging this into the equations defined in Alt et al. (2010), the governing equation for 
cohort management then becomes: 
(#	)
 = 

	#7	01 − 1 −  	#	 (4-4) 
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  In order to combine cohort management with crossflow, a circulation flow from tank to 
tank (	#  and 	
 ).  This changes the governing equation to Equation (4-5): 
(#	)
 = 
' 	#	01 − 1 	− #		 + 2 	#±A − 2 	# 
(4-5) 
 
4.4.2 OXYGEN IN COHORT MANAGEMENT ALONE AND WITH CROSSFLOW 
The oxygen mass balance for crossflow modifies the equations developed from Alt et al. 
(2010).  The two oxygen governing equations for the bioclarifier and tank developed in Alt et al. 
(2010) were simplified into a single governing equation using the rates for respiration of 
bacterial (	 ) and fish (	.
 ), the amount of oxygen being added via the airlift (	(" ) and 
airstone (	
. ): 
	# 	
 = −	
 + 	(" + 	
. − 	.
  (4-6) 
Using the relationships developed in Alt et al. (2010), and changing the feed rate of a 
RAS in cohort management to the sum of all cohorts within the RAS allows the creation of 
Equation (4-7): 
#+
 = ("
 (" −  )	 + 
. (" −  ) − .
 	#7 	−  	#7 (4-7) 
 In order to modify the equation for cohort management to allow for crossflow adds the 
rates for circulation between tanks (	R#  and 	' ): 
	# 	
 = −	
 + 	(" + 	
. − 	.
 + 	# − 	
  (4-8) 
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Adding the equations for the rates, the governing equation becomes: 
#+
 = ("
 0" −  1	 + 
. 0" −  1 − .
 	#7 	−  	#7 + 2 	#±A − 2 	#  (4-9) 
4.5 CONSTANTS USED 
 The constants that were used in the model were taken from design criteria in Malone and 
Beecher (2000), in a methodology similar to Alt et al. 2010.  The RAS being modeled was a 
growout system with individual RAS components sized in Table 4.1.  To be able to compare 
similar systems, the components were sized similar to crossflow in Chapter 3. 
Table 4.1 Individual tank design criteria for cohort management analysis of a growout RAS 
Component Variable Value 
Tank volume VT 28 m3 
PolyGeyser® VB .709 m3 
Airlift Air   2124 L min-1 
Tank Air  2124 L min-1 
 
4.6 RESULTS 
4.6.1 EFFECT OF COHORT MANAGEMENT ON AMMONIA AND OXYGEN 
  Cohort management has a similar effect on the ammonia and oxygen compared to cross 
flow.  As the number of cohorts increases, the variation of ammonia and oxygen decreases, and 
converges along the average.  In a similar fashion to crossflow, ammonia was the limiting factor 
in cohort management stocking densities.  The effect of 2, 4 and 8 cohorts is compared using the 
same number of fish in a single tank within each RAS simulation in Figure 4.4.  The reduction of 
the maximum ammonia concentration allows for the raising of production to take advantage of 
the filter capacity. 
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Figure 4.4 Ammonia concentration with different numbers of cohorts; as the number of cohorts 
increases, the peak TAN level declines 
 Figure 4.4 shows how increases the number of cohorts within a single RAS lowers the 
peak ammonia levels experienced by the RAS.  Similar to crossflow, the number of peaks that a 
RAS sees is the same as the number of cohorts within a tank.  All of the peak ammonia 
concentrations of each tank is the same in cohort management, which occurs in crossflow at a 
very high flow rate (HRT less than a minute).  The raising of the minimum concentration as seen 
in Figure 4.5.  The number of fish within all cohorts is the same in both Figure 4.4 and Figure 4.5 
at 2,700 fish, with oxygen still having some reserve capacity, making ammonia the limiting 
parameter.   
 
Figure 4.5 Decrease of variation seen with higher number of cohorts 
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 After cohort management is implemented, the load on the system can be increased on 
these systems to take advantage of the lower ammonia and high oxygen concentrations.  Only the 
number of cohorts can be changed in cohort management, and only then in discrete increments.  
Table 4.2 shows the production increase of an RAS under different numbers of cohorts.  The 
design parameters of the airlifted-PolyGeyser® are kept at the same levels as a single batch 
system as the number of cohorts increases (modeled after Alt et al. 2010).  During the run of 
these systems, it was found that ammonia was the limiting factor across all runs, with oxygen 
still having some reserve capacity.  The resulting production increase is the same as having a 
high circulation flow in crossflow if the number of tanks connected in a block is the same as the 
number of cohorts.   
Table 4.2 Production increase, oxygen and ammonia concentrations across different in cohort 
management regimes 
Number of Cohorts 1 2 3 4 5 6 7 8 
Production (%) 100 122 132 138 142 144 146 147 
Ammonia (mg L-1) 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 
Oxygen (mg L-1) 5.8 5.8 5.8 5.8 5.8 5.8 5.8 5.8 
 
4.6.2 EFFECT OF COMBINATION OF COHORT MANAGEMENT AND CROSSFLOW 
ON AMMONIA 
 By combining the load leveling strategies of cohort management and crossflow higher 
production can be achieved, and the average filter load almost increased to the design load.  This 
is shown in Figure 4.6, in which the production of a single RAS is compared with 4 cohorts with 
no crossflow, moderate crossflow (10 HRT’s per day), and high, unreasonable, crossflow (1000 
HRT’s per day).  The filter efficiency increases from 63.2% with no crossflow to 96.6% at 4 
cohorts with high crossflow.   
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Figure 4.6 Ammonia concentration with concurrent cohort management and crossflow, the 
resulting production increase is multiplicative 
 The maximum production increase from crossflow is equivalent to having the same 
number of cohorts.  Using Figure 4.6, a four tank block with high crossflow gives the same as 
four cohorts across four isolated tanks.  When the two are used together, the effect is geometric, 
as four tanks connected in crossflow with four cohorts in each is the same as a high crossflow of 
a sixteen block system or having 16 cohorts spread across 16 isolated tanks.   
  The optimum run point of cohort management is in a similar form to crossflow as shown 
in Equation (4-10).   
8(DℎDK	TUVWIK) = JKD − DM − LGMI4MI		GM ± 9GME (4-10) 
The main difference between the two is the effect of different sized fish within the same tank.  
This model uses idealized conditions and does not take into account biological factors that can 
affect the growth of fish.  While nets can be used to isolate fish cohorts from one another, the 
larger fish can still have an effect on the smaller ones, either through appetite suppression or 
through cannibalism, depending on the species.  While the risk of disease introduction is 
lessened in cohort management compared to crossflow as all tanks are isolated from one another, 
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but there is still a risk of disease spreading from cohort to cohort within a tank.  The constant 
harvest of fish at higher cohort numbers can also dive up costs tremendously as individual 
cohorts must be harvested in all tanks.   
4.7 CONCLUSION 
 The leveling of the load within a RAS is one methodology that can be used to increase 
the carrying capacity of the system, and is tied into raising the average efficiency of the 
bioclarifiers within the system.  The two strategies that can accomplish this are crossflow and 
cohort management and both focus on separating fish into groups by their size.  The crossflow 
management focuses on separating the fish by tank and distributing the ammonia concentration 
to different filters.  The cohort management has groups of fish within the same tank, though they 
are at different sizes and the load is averaged out.  The two strategies can be combined, which 
results in a lower number of tanks needed to achieve the same level of reduction that each would 
achieve on its own.   
 There are also a few guidelines that can be obtained from these results.  The ideal number 
of tanks within a block is seems to be 4.  Any more than this and the benefits from adding tanks 
in crossflow start to decrease, and the risk from disease starts to become an issue.  The crossflow 
recirculating rate should give a hydraulic retention time close to one tank recirculation per hour, 
which would give an increase of almost one third more production.  Cohorts can also be added to 
the tank to greatly increase the production of the system, though only two or three might be the 
most due to biological stresses and the cost of sorting fish.  Additional studies are needed to fine 
tune the breakdown of the cohort and crossflow, as this will come down to the cost of labor vs. 
the operation of a system. 
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CHAPTER 5 . GLOBAL CONCLUSION 
 This thesis shows how load leveling can be used to increase the production of a RAS.  In 
order to analyze different ways that load leveling could improve the production of a RAS, 
governing equations were derived for ammonia, oxygen, and carbon dioxide using design criteria 
specified in Malone and Gudipati (2005).  After these governing equations were derived, a model 
was developed across the fingerling, growout, and broodstock trophic levels.  The sensitivity 
analysis showed that parameters related to the backwashing frequency were the most sensitive, 
suggesting more studies on backwash frequency may be warranted.   
 The model of an RAS was then modified to investigate how load leveling could be used 
to increase the production of a RAS.  These strategies revolve around taking advantage of unused 
system capacity, which exists due to systems being designed around the maximum load on the 
system, which only occurs for a short amount of time.  The two load leveling strategies analyzed 
were crossflow and cohort management.  In crossflow, a series of tanks were connected together 
via a water flow in a combination called a block.  The factors that distribute the load are the 
magnitude of the crossflow, its direction, and the number of tanks connected.  Cohort 
management splits the fish within a tank into equal groups of different sized fish.   
  A model was run using these two strategies both alone and in combination, with possible 
rules of operation for commercial adaptation being developed.  However, the way these systems 
are implemented depends on the specifics of the recirculating aquaculture facility.  In the case of 
high electricity costs, the magnitude of the circulation flow in crossflow should be kept low.  If 
space is limited or if the operator is concerned about disease, the number of tanks within a block 
should be kept low.  Finally, the cost of labor determines the number of cohorts used.  Some 
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rules for implementation were developed by looking at crossflow by itself, cohort management 
by itself, and a combination of the two strategies: 
• If crossflow alone is used, it is predicted that the production of an RAS can be increased 
by 24% with a block of four tanks and a 2 hour HRT crossflow going from the higher 
stocked tanks to the lower stocked tanks.   
• If cohort management alone is used, it is predicted that the production of an RAS can be 
increased by 23% if a tank is stocked with two cohorts. 
• If the two strategies are combined, it is predicted that the production of an RAS can be 
increased by 38% if two cohorts are used in a block of four tanks with a 2 hour HRT 
crossflow going from the higher stocked tanks to the lower stocked tanks. 
This thesis runs into several limitations that further studies can improve upon.  The mass 
balance approach does not take fluid dynamics into account, and a more detailed model can give 
detailed recommendations on flow rates, and how RAS can be connected with crossflow.  An 
economic study can find optimum points of operation for both crossflow and cohort management 
alone and together, giving operators a tool to improve production.  Finally, a risk assessment can 
be done on the load leveling strategies to see how these change risk factors such as disease 
outbreak, and effect the expected lifespan of a facility. 
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APPENDIX A: DESIGN EXAMPLE 
 
For a design example, assume the fingerling tank has been set by the client at 10 m3.  The first 
step is to define F, so we will have to rearrange the equation defining the tank volume (VT) and 
the fingerling tank volumetric design criteria (vY): 
V[ = vY	F 
Then solve for the feed rate (F): 
F = V[vY =
10
3.33 = 3	kg	day
bA
 
Then define the bead filter volume (Vc) the by the simple calculation using the fingerling bead 
filter design criteria (vd): 
Vc = vd	F = 0.083 ∗ 	3 = 0.25	m 
The required airlift flow then is defined using the airlift design criteria (qi): 
Qk = qi ∗ F = 166 ∗ 3 = 500	l	minbA 
And, summing the airlift and the in-tank aeration requirements allows the capacity of the air 
blower (B) to be defined: 
	B = F ∗ (qi + qY) = 3	(166 + 83) = 749	l	minbA	 
After assuming a mid-range lift (L) of 30 cm, the blower pressure requirements can then be 
defined: 
P = 5.5	L = 5.5 ∗ 30 = 137.5	cm 
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APPENDIX B: CRITICAL CONCENTRATIONS OF AMMONIA FOUND 
Ammonia Criteria Concentration (mg L-1) Source 
Lethal concentration of unionized 
ammonia for Blue Tilapia 2.5 
Redner and Stickney, 
1979 
Fish experience reduced feed intake, 
reduced growth, and reduced disease 
resistance 
0.05 El-Sherif and El-Feky, 2008 
Lethal concentration of unionized 
ammonia for Nile Tilapia (48 hour 
vw+) 
7.1 
Redner and Stickney, 
1979; 
El-Sherif and El-Feky, 
2008 
Lethal concentration of unionized 
ammonia for warmwater fish 0.6-2.0 Riche and Garling, 2003 
Lethal concentration from prolonged 
un-ionized ammonia exposure for 
Tilapia 
0.2 Popma and Masser, 1999 
Lethal concentration of unionized 
ammonia for Tilapia 2.0 Rakocy, 1989 
Concentration of unionized ammonia in 
which the feed conversion and daily 
weight gain is decreased for Nile 
Tilapia 
0.1 El-Sherif and El-Feky, 2008 
Concentration of unionized ammonia in 
which growth is affected 1.0 Riche and Garling, 2003 
Concentration of unionized ammonia in 
which food consumption is depressed 0.08 Popma and Masser, 1999 
Lowest observable no effect 
concentration of unionized ammonia 0.144 El-Shafai et al., 2004 
Concentration of TAN that is toxic to 
commercially cultured fish 1.5 Crab et al., 2007 
Chronic Criterion for TAN 1.9 EPA, 2013 
General Guidelines for TAN 0.5 Hargrove et al., 1996 
Broodstock Guidelines for TAN 0.25 Malone and Beecher, 2000 
Fingerling Guidelines for TAN 0.5 Malone and Beecher, 2000 
Growout Guidelines for TAN 1.0 Malone and Beecher, 2000 
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APPENDIX C: CRITICAL CONCENTRATIONS OF GASSES FOUND 
 
Oxygen Criteria Value (mg L-1) Source 
Effects Biological Processes of Tilapia 3.1 Abdel Magid and Babiker, 1975 
Effects Biological Processes of Tilapia 2-3 Ahmed and Magid, 1968 
Effects Biological Processes of Tilapia 5 Hargrove et al., 1996 
Feed Intake Reduced for all Nile Tilapia 5.5 Duy et al., 2012 
Lowest Short Term Exposure of Fish 0.7-0.8 Popma and Masser, 1999 
Lowest Short Term Exposure of Fish 3 Ross, 2000 
Lethal Concentration of DO of Tilapia 1.14 Mahdi, 1973c 
Lethal Concentration of DO of Tilapia 2.6 Magid and Babiker, 1975 
General Recommendations for DO 
Concetration 5 
Rakocy, 1989; 
Summerfelt, 2005; 
Riche and Garling, 
2003 
Concentration in which Nitrification is 
Affected 2 
Timmons and Ebeling, 
2010 
 
Carbon Dioxide Criteria Value (mg L-1) Source 
Highest Tolerable Concentration 20 
Colt and Kroeger., 
2013; Colt et al., 
2006; Hargreaves 
and Brunson, 1996; 
Wurts and 
Durborow, 1992; 
Seginer and Mozes, 
2012 
Concentration at which stunted 
growth seem at 330 days 55 Smart et al., 1979 
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